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Introduction
Since the Industrial Revolution at the beginning of the XIX century, energy demand has been increasing. Most of the energy that we use comes from fossil fuels, which will disappear within this century if the ascending energy demand remains. Additionally, the exploitation of fossil fuels has caused environmental disequilibrium and pollution in all ecosystems; one consequence of this is global warming, generated mainly by CO 2 emissions produced in combustion processes.
In response to the current global energy use scenario, recent investigations have focused on the development and utilization of renewable energy sources and the improvement of usage efficiency (Painuly, 2001; Orozco-Hernández et al., 2016; Destek and Aslan, 2017; Brini et al., 2017) . One of these resources is biomass, the use of which as an energy source has been applied in a variety of ways (McKendry, 2002; Ortíz-Méndez, et al., 2017;  1 Fig. 1 . Mechanism proposed by Biswas et al. (2006) for anaerobic digestion. Fig. 1 . Mechanism proposed by Biswas et al. (2006) for anaerobic digestion. Proskurina et al., 2017; Sanchez-Herrera et al., 2018) . One option for using biomass as an energy source is the production of methane by anaerobic digestion of biodegradable organic materials. Biogas is produced in closed reactors in the absence of dissolved oxygen. Most of the current plants that produce biogas use the organic part of municipal solid wastes as raw material. Processes vary according to substrate characteristics and quantity to be treated. This technology has proven to be economically feasible on a large scale. However, the low-scale systems that have been developed to this point cannot compete in efficiency and operation costs with large-scale plants.
The main challenge in the operation of smallscale systems is the change in the type and amount of biomass fed into the system. When amounts greater than those that can be processed are supplied to the population of bacteria, this inhibits methanogenic activity, which can permanently affect the process of the production of methane. The traditional way to produce biogas in controlled conditions is with continuous stirred-tank reactors (CSTRs), where the feed comes in contact instantly with the entire population of bacteria. This procedure has certain disadvantages, since a rapid generation of acid may have significant effects on the methanogenic colony. Methanization is achieved through a mixture of microorganisms and is composed of different stages.
The anaerobic digestion process is very complex from a kinetic point of view, since many reactions are involved (Zuru et al., 2004) . Different kinetic models have been proposed, and most of them use chemical oxygen demand (COD) to express substrate concentration during the process, while biomass concentration is expressed by the amount of suspended solids.
The kinetic models most commonly used to describe the kinetics of anaerobic digestion processes have been the Monod type (Anderson et al., 1996) , which considers that the growth rate of bacteria is a function of substrate concentration and bacteria population. The most significant feature of this model is that the production rate is zero when there are no bacteria or substrate and that it rate tends to a maximum limit when the substrate is in excess (Lobry et al., 1992) . Different modifications have been applied to the Monod model to increase its accuracy in different scenarios (Nicoletta et al., 2014) . For example, Biswas et al. (2006) and Zuru et al. (2004) used the volume fraction of biogas as a concentration variable for the application of a kinetic model. Other models have been developed and studied with interesting results (Nicoletta et al., 2014; Akbas et al., 2015; Chatterjee et al., 2017) One of the models based on that of Monod is proposed by Biswas et al. (2006) , who conducted studies to determine the kinetics of biogas production from municipal wastes. In their experiments, they used three different substrates that were characterized to determine the percentage of carbohydrates, proteins, and fats. These three substrates were considered separately, and their use was dependent on different types of bacterial colonies.
To establish their kinetic model, Biswas et al. (2006) proposed the mechanism shown in Fig. 1 . In Fig. 1 , it can be seen that soluble carbohydrates and amino acids are formed through enzymatic hydrolysis, while the volatile acids and long chain acids are formed by acidogenic degradation. In equations shown in Fig. 1 , volatile fatty acids (VFAs), and long-chain fatty acids (LCFAs) are formed in the acidogenic process used by the colony of methanogenic bacteria (MB) to produce biogas. Biswas et al. (2006) considered that the solubilization stage is much faster than the other phases involved in the anaerobic fermentation process; therefore, in this model, the formation of soluble carbohydrates and amino acids is considered to be instantaneous.
As mentioned above, the Monod model was used in the biological reaction equations. Biswas et al. (2006) used a modified Monod model [Eq. (1)] for the prediction of cell growth in different parts of the reaction process:
To determine the parameters of the model (Table  1) , Biswas et al. (2006) performed experiments in which they separated acidogenic bacteria (AB) and methanogenic bacteria. Due to the great similarity between the experimental data and those obtained by the model proposed by Biswas et al. (2006) , and taking into account that the composition in terms of percentages of carbohydrates, proteins, and fats for the substrate is more common than elemental analysis or COD (parameters used in other kinetic models), we used this model as a basis for simulating the operation of anaerobic digestion in a tubular reactor.
To understand some of the difficulties in the biogas production process and to improve its performance, simulations of the degradation process using a kinetic model may be done. These simulations have great benefits, as they allow an overview of the system operation at low cost. Additionally, there are no risks in the real process, for no physical modifications are needed. Other authors have shown on their works the benefits of simulations for the design and optimization of bioreactors and other kind of equipment. (Haringa et al., 2018; Kang et al., 2013; Trejo et al., 2012; Moilanen et al., 2006) In this study, the kinetic model developed by Biswas et al. (2006) was applied to a tubular reactor using an intermittent feeding method. Additionally, a modification to the original model was proposed to include inhibition of methane production caused by high concentrations of acids in the reactor. Finally, the simulation results will be compared with experimental results.
2 Proposed modeling and simulation
Kinetic model
The equations proposed by Biswas et al. (2006) do not consider the decay of the bacteria population; as a result, it is necessary to modify their model to include this phenomenon. Liu et al. (2008) developed a kinetic model for anaerobic digestion that uses a mortality factor proportional to the concentration of the bacteria. Mortality constants used in the model were calculated by Kiely et al. (1997) for methanogenic bacteria and Moletta et al. (1986) To account for the inhibition of methane production and the decrease in the activity of acidogenic bacteria in the presence of high concentrations of acid, the present study proposed a variable mortality factor, which depends on the acid concentration in the reactor:
A least square adjustment to the experimental data for the production of methane was performed to determine the values of the constants ε 1 and ε 2 . The
Applying the mortality factors in the equations obtained by Biswas et al. (2006) , we obtained the final equations for cell growth (Table 2) .
In Table 2 , equations 4-8 describes the biomass formation rate of Fig. 1 reactions. Equations 9-15 describes the reaction rate for all the other components of the reactions (Carbohydrates, protein, fat, VFA, LCFA, CO 2 and CH 4 ).
For equations of Table 2 irreversible reactions at constant T (37 ºC) and P (1 atm) were considered. Table 2 . Proposed model for the simulation.
To determine the behavior of the substrates, intermediates, and final products within the tubular reactor, the conservation equation of chemical species, Eq. (16), was resolved on a one-dimensional domain:
Setting subdomain properties and boundary conditions
The proposed system of equations was solved using the finite element COMSOL Multiphysics® software (COMSOL, Inc., Burlington, MA, USA). A tubular reactor with the same dimensions and temperature as the real reactor (see section 3) was simulated.
Operation was simulated in a transient state. The simulated feed was 25 ml/d to obtain a hydraulic residence time of 340 d. The substrate was instantly fed into the reactor at the beginning of each day of simulation.
Initial conditions
The concentration of primary and secondary substrate and fermentation products was considered zero at the beginning, for an empty reactor was considered. For the population of bacteria, concentration of 0.001 g/L for groups of acidogenic bacteria and 0.002 g/L for groups of methanogenic bacteria were used for similar conditions and inoculums, as reported previously by Biswas et al. (2006) . The concentration of fat, protein and carbohydrates used, were the same as in the experiment (see section 3).
Boundary conditions
To simulate a similar condition to the experimental in the feed, a periodic function, which provides a flux of substrates in a pulse shape at the entrance of the tubular reactor for each day of simulation, was used. The flow rate was estimated with the volume of the feed and was activated by the periodic function used for feeding substrates. In the reactor outlet, a convective flux condition was set for the substrates, bacteria and gases. Also, for the gases, an inlet wall condition was used, this to simulate the same conditions as in the experiment.
Subdomain
The equations were solved in a one-dimensional timedependent system because the concentrations did not have significant variation in the radial and angular coordinates of the reactor. This may be caused by the slow axial flow in the reactor. The dimensional subdomain used for the simulation consisted of 300 elements distributed along the reactor, using smaller element separation in the inlet and outlet as follows: From 0 to 0.15 m 50 elements were used, from 0.15 to 1.55 m 200 elements were used and from 1.55 to 1.7 m 50 elements were used. This amount and distribution of elements was used, for no significant variation in the results was observed when a higher number was used.
Experimental setup
On Biswas et al. (2006) work, experiments were done using a bioreactor of V=10 L. For bigger systems the effect of the bacteria decay may not be significant. Therefore, to observe this effect, a smaller bioreactor was built in this work (V=3.4 L).
The system was similar to a double pipe heat exchanger. It was composed by two PVC pipes, the inner pipe (digestion chamber, Fig 2A) with D i =0.0508 m (2 in) and L= 1.7m (67 in) and the outer pipe (heating jacket, Fig. 2B ) with D i =0.0762 m (3 in) and with the same length as the digestion chamber. The external pipe (heating jacket) had a thermal insulator (Fig. 2C) to reduce heat losses. The digestion chamber includes an inlet for the biomass (Fig. 2D) , an outlet for the liquid waste (Fig. 2E) and an outlet for the biogas produced (Fig. 2F) . Similarly, the heating jacket includes an inlet and outlet for the water used as heating fluid flowing through the annular space ( Fig. 2G and H  respectively) . Inside the digestion chamber, there was a concentric agitator (Fig. 2I ) built with acrylic and powered by an electric motor to 20 RPM. Additionally, the digestion chamber had three pH measurement points at 0, 1 and 1.5m (Fig. 2J) . These lengths were selected because significant information was obtained using these points. The biomass (the grey zone inside the digestion chamber in Fig. 2 ) occupied three-quarters of the volume of the digestion chamber (total volume of the digestion chamber = 3.4 L), keeping the upper part free for the accumulation of the biogas produced (The white zone inside the digestion chamber in Fig. 2 ). This bioreactor was designed to produce biogas continuously, using a semi batch feed for the biomass.
More details regarding the design of the bioreactor can be found in Montesinos-Castellanos and TrejoTreviño (2018) work.
The reactor was loaded with 2.5 L of inoculum, and it was fed with a 25 ml solution containing 3 g of biomass for 25 d in 12 hours intervals. Fat, protein and carbohydrate concentrations in the biomass were: 0.336 g/L, 2.9 g/L and 8.62 g/L respectively.
Biogas production began on the third day and increased to reach a stable value, in which, both the amount of biogas produced, and its composition remained constant. The temperature inside the reactor was maintained under mesophilic conditions (37°C). The pH was measured daily during the first two weeks of operation. Afterwards, when no significant variations in pH were observed, measurements were taken once a week. The experiment was replied five times. In the model of Biswas et al. (2006) , after feeding the substrate, the bacteria showed an exponential growth in the first stage. However, when decreasing the concentration of the substrate, the growth rate decreases consistently until the substrate is consumed. Moreover, when the substrate is totally consumed, the bacterial population reaches a maximum and remains constant for the rest of the simulation. In the proposed model, bacteria also have an exponential growth in the first moments until reaching maximum concentration, but, after this stage, the concentration of bacteria begins to decline because of natural decay in the absence of the substrate. Another reason for the overestimated methane production predicted by Biswas et al. (2006) is that bacteria are not affected by the high concentrations of acids produced, and they can continue metabolizing substrate without being affected by this factor. In the case of the proposed model, a mortality rate that varies with the concentration of acids present has been included. Thus, with this modification, closer results to previous experiments may be obtained, where high concentrations of acids inhibit methanogenic activity. Fig. 4 shows the behavior in the concentration of bacteria that results from adding the variable mortality factor (Eqs. 2 and 3) to the corresponding Monod equations.
By replacing the constant mortality factor for a variable factor, it is possible to simulate the inhibition caused by the increase in acid concentration. Fig.  4 shows an exponential growth of acidogenic and methanogenic bacteria at the start of the process. This generates high concentrations of acid, reverting the rising trend of methanogenic bacteria, which is reflected in a decrease in methane production (Fig.  5) . This simulation results were correlated with the experimental data with good agreement.
Semi-batch simulation for the tubular reactor
In the simulation carried out for the tubular reactor, the production maintained a rising trend in the succeeding days and did not show any inhibition. The population of acidogenic bacteria in the reactor inlet increased significantly during the first days to levels of 1.2 g/L, while the population of methanogenic bacteria remained low in the same region due to the generation of acids by the acidogenic bacteria. The diffusion of acids produced allowed the population of methanogenic bacteria to begin to grow significantly to about 20 cm from the reactor inlet from the third day of simulation, whereas the dilution of the acids allowed conditions for metabolism and reproduction. The acidogenic bacteria population decreased sharply with the increasing distance from the entrance to the reactor, which was caused by the diffusion of the same and lower substrate through the reactor. Fig. 6 shows the variation of the VFAs and LCFAs concentration produced by the acidogenic bacteria through the reactor, for a simulation time of 25 days. According to this figure, acids showed concentration variations in the first 60% of the reactor section for a simulations time of 25 days. The acids concentration increased first in the inlet, and then, through the reactor the next days. A maximum concentration of ∼32% was observed in the inlet for 25th day. This behavior could be explained by two mechanisms. First, the acids move through the system by diffusion and then, methanogenic bacteria consumes them, retarding their movement through the reactor.
High acid concentrations inhibit the development of methanogenic bacteria. However, the acid is also essential for the metabolism of these bacteria. For this reason, we can see that the concentration of methanogenic bacteria decreased in high concentrations of acid, but also decreased in their absence (Fig. 7) . The periodic behavior of the concentration of different substances involved in the proposed model for anaerobic digestion shows the steady-state reactor condition.
The simulation shows a clear separation between the two groups of bacteria involved in the model. The acidogenic bacteria proliferate in the first section of the reactor where the primary substrates exist in sufficient concentration, and the methanogenic bacteria grow where the inhibitory effect of acids is reduced by diffusion.
As can be observed in the results obtained, there was a significant difference when using the proposed model compared to that of Biswas et al. (2006) . However, there is a need for experimental data to determine the accuracy of our model. This will be discussed in the next section. Fig. 7 . Distribution over time of acidogenic bacteria concentration in the tubular reactor system; dimensionless length was used.
Comparison with experimental data
The distribution shown in Fig. 7 is supported by the experiments were the pH data measured in the tubular reactor at different lengths, were 6, 7.8, and 7.9 for distances of 0, 1, and 1.5 m, respectively.
The values of the daily accumulated methane production that were experimentally observed were similar to those projected by the proposed model in this study, as shown in Fig. 8 . In this case, there were no significant differences at the beginning of the operation, since the limiting factors for the utilization of the substrates were not diffusivity and solubility; therefore, although the model substrates were available in an instant, these were only consumed when they were in contact by diffusion with the bacteria.
Upon reaching a constant biogas production, approximately after day 10 as observed in Fig. 8 , the values of the simulation and the experimental data showed a strong agreement, with methane yields of 0.45 L/d, which indicated that the model chosen to describe the kinetics of the reaction was accurate, at least in terms of methane production according to the conditions under which the experiment was conducted. However, to determine the correlation of other substances involved, it would be necessary to take samples at different reactor lengths and compare them with those projected by the model. For instance, different measurements of the acids (VFAs and LCFAs) could be done to compare them with the model results. Moreover, according to the results of the simulation shown in Fig. 6 , it would be preferable to measure the acids in the first 60% of the reactor section After this day, there is a constant rate of biogas production Fig. 8 . Comparison of the experimental production of methane and simulation results for the tubular reactor. The arrow indicates where the constant production rate of biogas begins.
for 25 days to obtain comparable data. Furthermore, using enough measurement points is essential to obtain a good comparison.
Conclusions
With the proposed model, a better estimation of the degradation process may be obtained, even when there are considerable variations in the concentration of species across the operation time. Also, it can model the behavior of the reactor when the supply frequency or its quantity is modified.
The addition of a variable decay factor to the model allowed a better agreement between simulations and the experimental data. Two coefficients have been estimated to account for the inhibition of acidogenic and methanogenic bacteria when fatty acids are present. At the same time, this factor predicts different growth rates for bacteria groups across the tubular reactor, which is a desirable condition in actual biogas production systems. However, more systematic studies are needed to validate the model proposed here.
Using the developed model, it is possible to identify the bacteria decay in small bioreactors. Thus, to help in the design of a reactor that is efficient in association with the organic material available. Also, these results could help to do changes to the previously installed systems.
